Introduction

1
The lipid droplet (LD) functions as a main organelle for storage of neutral lipids such as 2 triacylglycerol (TAG) and sterol ester (SE). These neutral lipids are packed into the core of LD, 3 and the surface of LD is surrounded by a phospholipid monolayer. 1 Although LD had been 4 simply considered as an energy-storage organelle, recent studies, most of which addressed yeast
5
LD dynamics, revealed other functions of LD such as those that supply membrane sources and 6 in maintaining lipid homeostasis. [2] [3] [4] Intriguingly, this organelle was found connected with other 7 organelles, such as the endoplasmic reticulum (ER), mitochondria, peroxisomes,
8
vacuoles/lysosomes, and also with autophagosomes, which implies functional associations of
9
LDs with lipid metabolisms in these organelles. [5] [6] [7] It is thought that LDs are generated from the 10 ER, where several enzymes with acyltransferase activity (Dga1, Lro1, Are1 and Are2)
11
synthesize neutral lipids, leading to the budding of a nascent LD. 8 In fact, LDs are not formed
12
in an are1∆ are2∆ dga1∆ lro1∆ strain. 
21
Tgl3 and Tgl4 possess enzymatic activities in addition to those as triacylglycerol lipases; Tgl3
22
has acyltransferase activity 15 and Tgl4 exhibits a lipase activity toward SE as well as 23 acyltransferase activity. 16 
24
Recently, a degradation pathway of LD by autophagy (lipophagy) was discovered. 17 The
25
relationship between autophagy and LD in mammalian cells was originally reported in a study 26 of hepatocytes, 18 and subsequent findings based on electron microscopy confirmed that LDs are 27 surrounded by autophagosomes in mice. 19 In yeast cells, a similar phenomenon (incorporation
28
of LDs into the vacuole) was already reported in 1979. 20 Recently, it was reported that LDs are 29 directly incorporated into the vacuole through a microautophagic pathway, when cells are grown
30
on oleate and then transferred to a nitrogen starvation medium, or when the cells are grown in 31 synthetic complete (SC) medium to stationary phase. 21, 22 This process, termed microlipophagy,
32
was reported to require many ATG genes that are needed for macroautophagy. However, to date,
5
little is known about the functional relationship between LD dynamics and autophagy except for 1 the existence of lipophagy. In this study we carried out a comprehensive analysis of LDs in atg 2 mutants, and found that Atg15 is specifically required for the maintenance of LD amount in 3 post-diauxic to stationary phases.
4
In yeast, vesicles transported into the vacuole through macroautophagy (macroautophagic 5 bodies) are lysed by Atg15, and then the released contents including proteins are degraded 6 mainly by intravacuolar proteases. 23 Atg15 is also essential for the degradation of the cytoplasm 7 to vacuole targeting (Cvt) bodies and multivesicular body vesicles in S. cerevisiae. [24] [25] [26] In the 8 denoted yeast microlipophagy, Atg15 is required for the vacuolar degradation of the neutral 9 lipids in LDs. 21 In this study, we revealed that Atg15 involvement in the maintenance of LD 10 amount was dependent on the protein's putative lipase motif, and was canceled in multiple atg 11 mutants defective in macroautophagy, suggesting that the enzymatic activity of Atg15 toward 12 macroautophagic bodies was critical for the maintenance of LD amount. We further discovered
13
that the Atg15 contribution to LD amount was dependent on the lipolytic enzymes Tgl3 and
14
Tgl4, whose in vivo activities were strongly suggested to be elevated by loss of Atg15.
15
Altogether, this study provides a novel insight to autophagic flux and LD dynamics.
17
18 Results 
1
Deletion of ATG15 causes a decrease in LD in the stationary phase
2
To study the effects of autophagy on the dynamics of LD, we carried out the quantification of 3 TAG levels in the set of core atg mutants (atg1∆ through atg18∆), 27 grown in SC medium for 3 4 days. We found that the TAG amounts (standardized with the optical density [OD 600 ] of the 5 culture) varied depending on the mutant strains. The TAG level was notably higher in atg2∆,
6
vps30∆/atg6∆, and atg14∆ cells (Fig. 1 A) Interestingly, unlike other atg mutants, the TAG amount in atg15∆ cells was significantly
13
lower than that in its parental wild-type cells (Fig. 1A) . We also conducted fluorescence atg15∆ strain was comparable to that in the wild-type strain when the cells were grown in SC
16
medium for 12 h to a mid-log growth phase (Fig. 1B, C and D) . In contrast, the number of LDs
17
was found to be markedly smaller at the post-diauxic phase in the atg15∆ cells relative to that in
18
the wild-type cells (Fig. 1B, C and D) . This drop in the number of LDs in the atg15∆ cells was 19 evident throughout the culture period thereafter ( Fig. 1C and D) . In accordance with the 20 microscopy analysis, the amounts of TAG and SE, the main components of LDs, in the atg15∆ 21 cells were about half those in the wild-type cells when they were cultured in SC medium for 48 22 h ( Fig. 1E and F) . We confirmed the induction of autophagy under this culture period by the 23 detection of GFP-Atg8 fluorescence in the vacuole (fluorescence microscopy), as well as the 24 detection of a cleaved band from GFP-Atg8 (immunoblot analysis), in the cells cultured in SC
25
medium for 48 h ( Fig. S1A and B 
13
2B and C). We confirmed ER localization of Atg15-GFP-HDEL expressed with its native 14 promoter in atg15∆ cells under the same culture conditions (data not shown). The LD number
15
and TAG level were also found decreased in the mutant cells with Atg15-HDEL cultured in SC
16
medium for 48 h ( Fig. 2B and C) . Thus, these results indicate that the putative lipase activity of
17
Atg15 in the vacuole is important for the LD maintenance in stationary phase.
19
Absence of macroautophagy suppresses the deficiency of LD in atg15∆ cells
20
Atg15 activity in the vacuole disintegrates multiple types of vesicles including those 21 generated by the multivesicular body pathway and autophagic bodies. In order to investigate
22
whether the involvement of Atg15 in LD dynamics indeed requires autophagic flux, we 23 generated atg1∆ atg15∆ cells (Fig. 3A) . 29 mutant that exhibits a significant drop in macroautophagic activity (Fig. 3D) . 30 In contrast, in 30 deletion mutants of ATG11, ATG19, ATG21, or ATG32, the genes for selective autophagic 31 pathways, 31-35 the number of LD was decreased by additional disruption of ATG15 (Fig. 3D) .
32
These results indicated that the function of Atg15 in LD dynamics is dependent on 33 8 macroautophagic flux to the vacuole, but not on selective autophagy. with the wild-type strain, similar to atg15Δ cells ( Fig. 3E and F (Fig. S2B) . Based on these 4 observations, the biosynthesis process of LDs was shown to be inactivated both in the wild-type 5 and atg15∆ cells under the conditions used for our analysis.
6
To investigate whether loss of Atg15 caused a reduction in LDs through lipolysis, we 7 generated several mutants lacking the lipolysis enzymes. Fluorescence microscopy of LDs in 8 these mutant strains indicated that while the numbers of the LDs in tgl3∆ and/or tgl4∆ mutants 9
were comparable to that in the wild-type strain, the sizes of the LDs were augmented in the 10 mutant strains. Notably, fluorescence microscopy with BODIPY 493/503-stained cells showed
11
that the numbers of LDs in atg15∆ tgl3∆, atg15∆ tgl4∆ and atg15∆ tgl3∆ tgl4∆ were similar to 12 that in the tgl3∆, tgl4∆, and tgl3∆ tgl4∆ strains, respectively ( Fig. 4A and B). The
13
determination of TAG levels also showed that deletion of TGL3 and/or TGL4 cancelled the 14 diminishment of LD abundance caused by disruption of ATG15 (Fig. 4B) . Thus, Tgl3 and Tgl4
15
were found responsible for the degradation of LDs in atg15∆ cells.
16
Next we compared the expression levels of Tgl3 and Tgl4 between the wild-type and atg15∆
17
cells. Immunoblot analysis of Tgl3-3×HA after normal SDS-PAGE showed no differences in the
18
protein amount between wild-type and atg15∆ cells at any growth phases (Fig. 4C) . However,
19
when the cell lysates were applied to Phos-tag SDS-PAGE for better separating the 
27
While the protein abundance of Tgl4-3×HA was found gradually decreased during the culture 28 period in both the wild-type and atg15∆ cells, the decline of the Tgl4-3×HA amount was 29 delayed in the atg15∆ cells (Fig. 4C) . Thus, the enhanced degradation of LDs in atg15∆ cells
30
correlates with a higher amount of Tgl4 in the mutant than in the wild-type cells, as well as with 31 a different phosphorylation status of Tgl3.
32
In order to address the localizations of the lipolytic enzymes, we carried out fluorescence 33 microscopy of Tgl3 and Tgl4 tagged with mCherry after 48 h culture in SC medium (Fig. 4E ).
1
The signals from Tgl3-mCherry and Tgl4-mCherry were found as grain-like patterns in both 2 wild-type and atg15∆ cells, but the colocalization frequencies with LDs (stained with BODIPY 3 493/503) were significantly higher in the atg15∆ cells than in the wild-type cells (Fig. 4E ). This 4 result showed consistency with the decrease in LD amounts in the atg15∆ cells. 
11
The amount of free fatty acids (FFAs) was also higher in atg15∆ cells than in the wild-type cells
12
( Fig. 5B ).
13
Next, we speculated that the increase in the products of lipolysis (DAG and FFAs) could lead 14 to enhanced production of phospholipids in the ER. To address this question, we quantified 15 phospholipids in wild-type and atg15∆ cells. We found that the cellular phospholipid amount wild-type nor atg15∆ cells (Fig. S1C) . Since we utilized a different medium from that used in 14 the previous study and observed the LD dynamics at earlier time points (up to 3 days) instead of 15 the observation up to 7 days after the start of the culture in the previous study, the phenotype of 16 the atg15∆ strain found in this study was thought to be independent from the outcome of 17 lipophagy in the stationary phase.
18
Our findings uncovered the putative lipase's important role in the degradation of 19 macroautophagic bodies in the stationary phase, as the phenotype of the atg15∆ cells was 20 suppressed by the simultaneous deletion of ATG genes required for macroautophagy (Fig. 3) .
21
The failure to degrade macroautophagic bodies is thought to cause pleiotropic effects on the cell S2) . In contrast, deletion of genes for lipolysis, TGL3 and/or TGL4, suppressed the 1 reduction in LD and TAG amount in atg15∆ cells ( Fig. 4A and 4B ). Although the abundance of 2 Tgl3 was found constant during the culturing to stationary phase and no difference in the 3 amount of the enzyme was detected between the wild-type and atg15∆ cells (Fig. 4C) , the 4 phosphorylation status and localization of the protein were affected by loss of Atg15: in the 5 atg15∆ strain, a nonphosphorylated population of the enzyme was detected, but not in the 6
wild-type cells, and Tgl3-mCherry was found more closely associated with LDs in atg15∆ cells
7
( Fig. 4D and E) . A pioneering study on Tgl4 identified phosphorylation events leading to 8 activation of the enzyme. 14 A similar regulation may also exist for Tgl3 in the cells cultured to 9 stationary phase, and the detailed mechanism should be addressed in the future.
10
In contrast to the constant expression of Tgl3, the intracellular amount of Tgl4 declined after 11 the diauxic shift (Fig. 4C) , and the kinetics of Tgl4 diminishment were found to be slower in 12 atg15∆ cells than in the wild-type cells (Fig. 4C) . In a mammalian experimental system, the 
20
TAG in the mutant (Fig. 5A through D) . Opi1, a negative regulator of many phospholipid 21 synthesis enzymes that acts by sensing the abundance of phosphatidic acid at the ER, 40 was 22 localized on ER membranes in atg15∆ cells, but not in the wild-type cells (Fig. 5E) Tgl3 (Fig. 5F) .
31
Although the association of Atg15 in lipophagy was recently analyzed, 21 few studies have plasmids used in this study are listed in Table S1 and ) and pMB102 (encoding Atg15-HDEL).
15
The plasmid for expression of Atg15-GFP was generated by the gap-repair cloning method: 43 a
16
GFP-coding DNA fragment was amplified by PCR and cotransformed into yeast cells with a
17
gene fragment that was amplified with pMB100 as a template. The resultant plasmid encoding 
23
The culturing of the cells in SC medium was done at 28°C with a starting OD 600 = 0.1.
24
Lipid extraction and lipid analyses 
28
Immunoblot analyses
29
Total cell lysates for the immunoblot analyses were prepared as follows: Briefly, the cells 
26
For microsome isolation, the spheroplasts were resuspended in buffer C (5 mM MES-KOH,
27
pH 6.0, 0.6 M sorbitol, 1 mM KCl, 0.5 mM EDTA, 1 mM PMSF, and protease inhibitor cocktail
28
[Roche, 11873580001]) and chilled on ice. The spheroplasts were homogenized with a Dounce
29
homogenizer by applying 20 strokes using a tight fitting pistil. After centrifugation at 3,000×g
30
for 5 min at 4°C to remove cell debris and nuclei, the supernatant fractions were collected, and
31
homogenized again, and subjected to ultracentrifugation at 27,000×g for 15 min at 4°C in a 
